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Part 1. Water Resources in the Pawcatuck River Basin
Climate, streamflow, groundwater-level, pond-level, and water-use data were collected throughout the 303-squaremile Pawcatuck River Basin during 2000-04 to support development of the models. Additionally, hydrogeologic data were compiled for the modeling efforts from previous studies throughout the basin. Climate data were collected at two sites in the basin and compiled for four National Weather Service sites. Streamflow data were collected at 18 continuous streamflow-gaging stations for at least 2 years of the study period. Monthly streamflow measurements were collected at 36 partial-record stations for at least 1.5 years. Daily streamflows for these partial-record stations were calculated by using the mathematical procedure Maintenance of Variance Extension (MOVE.1). Groundwater-level data were collected monthly or more frequently at 11 wells and continuously at 8 wells for a least part of the study period in the basin. Pondlevel data were collected at 23 ponds for about 1.5 years during the study period. Water-withdrawal data were compiled from 5 large municipal suppliers for 16 wells in the basin. Data on withdrawals for irrigation were collected for 11 turffarm sites and 3 golf courses. These data were used to develop logistic-regression equations to estimate the probability of irrigation on a specific day during the irrigation season for unmetered turf farms, surface-water withdrawal golf courses, and groundwater withdrawal golf courses using climatic data on total precipitation and potential evapotranspiration during the preceding days. Average hourly withdrawal rates were also estimated by using data collected on hourly irrigation patterns at the 11 turf-farm sites and 3 golf courses. Using the logistic regression equations predicted days of irrigation during the study period and the average hourly irrigation patterns; the irrigation rates for unmetered turf farms, surface-water withdrawal golf courses, and groundwater withdrawal golf courses could be estimated.
Part 2. Simulation of Water-Use and Land-Use Changes on Streamflow with a PrecipitationRunoff Model (HSPF)
The precipitation-runoff model HSPF was developed and calibrated for the Pawcatuck River Basin to evaluate the effect of withdrawals and land-use change on streamflow. The model was calibrated to the period of January 1, 2000, to September 30, 2004, with measured and estimated flows at 17 continuous-record streamflow-gaging stations and 34 partial-record stations. Graphical comparison and statistical analysis with observed flows indicate that the model is generally well calibrated.
Simulated streamflows for the 1960-2004 period were used to evaluate the effects of (1) no withdrawals, (2) current (2000-04) withdrawal, (3) conversion of selected surfacewater-irrigation withdrawals to groundwater withdrawals, (4) future water-supply demands, and (5) land-use change. In general, the largest differences between simulations of current water demands and no demands were calculated for the eastern Pawcatuck River subbasins-Chipuxet River (two locations), Chickasheen Brook, and the headwaters of the Pawcatuck River. The effects of switching from direct surface-water withdrawals to groundwater withdrawals at selected sites were most pronounced in the daily mean flowduration curves for the Beaver and Chipuxet Rivers, which drain subbasins where irrigation withdrawals can affect a large percentage of low flows. Hourly flow fluctuations in the August 2002 hydrograph caused by irrigation withdrawals from surface water were greatly reduced or eliminated entirely by switching to groundwater withdrawals in subbasins where irrigation demands are prevalent. Potential new withdrawals in the eastern Pawcatuck River subbasins resulted in zero flow in the lower Chipuxet River and decreased the lowest flows under current withdrawals by as much as 90 percent compared to simulations with no withdrawals.
Simulations of land-use change evaluated the effects of (1) land-use change only, (2) change in water demands only, and (3) combined effects of land-use change and change in water demands. Overall, about 10 percent of the basin was classified as developed in 1995, but about 50 percent of the basin could be developed within the constraints used in the analysis. Future water-use demands in the basin were estimated to be about 4 times greater for domestic use and about 6 times greater for commercial and industrial use at buildout compared to current use. In general, simulations under buildout conditions indicated that high flows increase slightly and low flows decrease slightly as a result of land-use change relative simulations under current (1995) conditions, but changes in flows generally were not noteworthy. The extent to which streamflow changes in response to development depends on how the land is developed; the pattern and extent of development can differ widely and produce effects different from those simulated, particularly in localized areas.
Part 3. Simulated Effects of Withdrawals on Groundwater Flow (MODFLOW Models)
Groundwater-flow models (MODFLOW) were developed for the lower Wood River and eastern Pawcatuck River areas in the Pawcatuck River Basin for the purposes of assessing the potential effects of groundwater pumping on streamflows and water levels at proposed irrigation and water-supply sites in the study area. The results of the MODFLOW models and a streamflow-depletion algorithm in the HSPF model were compared, and alternatives were evaluated for the conjunctive management of the ground-and surface-water resources of the basin.
The model simulations included analyses of the effects of constant and varying pumping and constant and varying recharge rates, the effects of constant pumping and varying recharge rates, and the effects of different well distances from streams under constant and varying pumping rates. Simulations were made to compare and contrast the effects of these simulations on rivers with both low and high streamflows to determine if the responses of these rivers and the surrounding aquifer to the changes in simulated stresses differed with river size (large versus small).
Simulation results indicate that streamflow depletion is similar between large and small rivers for constant pumping and recharge scenarios as well as during periods when simulated streamflow was at or above average. In both cases, streamflow-depletion rates were about the same as the simulated pumping rates in nearby wells. During dry periods, such as summer (June through August) and early fall (September and October), when simulated streamflows in small rivers is at or near zero, the small rivers are no longer a source of water to pumped wells. In this case, aquifer storage becomes the primary source of water to the pumped wells; this withdrawal from storage results in much greater drawdowns in the nearby aquifer than would have occurred near large rivers or small rivers with moderate streamflow.
Analysis done to determine the effects of relocating irrigation-withdrawal wells away from a river shows that the effects of seasonally variable pumping on streamflow, such as for turf-farm and golf course irrigation, can be reduced by increasing the distance from the wells to the river. This is due to the lag time in the response of the rivers to the pumping stress. As a result, summer irrigation pumping from wells located further away from a river did not affect streamflow until later in the fall (October and November) when streamflows are typically higher than in the summer because of the lower pumping and higher recharge in the fall.
protection. Conjunctive-management models were developed for two selected areas in the Pawcatuck River Basin to evaluate the potential for improvements in water-withdrawal strategies in the basin. Two conjunctive-management models, described herein as the eastern Pawcatuck River conjunctivemanagement model (EPRCMM) and the lower Wood River conjunctive-management model (LWRCMM) were developed. A total of 250 applications of the models were developed and tested for the eastern Pawcatuck River (105 applications) and lower Wood (145 applications) areas. The conjunctivemanagement model combines results of statistical analysis of water-use data, simulations by the transient numerical groundwater models developed for two selected areas in the basin, and results of streamflow simulations by the basinwide Hydrologic Simulation Program-FORTRAN model. This information is used to formulate linear optimization models for water-resource management. These management models were developed and tested to illustrate the potential effects of the conversion of surface-water withdrawals to groundwater withdrawals, withdrawal-well network design, withdrawal capacity, and streamflow-depletion criteria on the maximum obtainable water yield in each of the two model areas. In both areas, conjunctive-management models using maximum withdrawal capacities of 1.0, 1.4, and 2.0 million gallons per day (Mgal/d) were tested to illustrate the dynamic relations among depletion criteria, network design (the number, type, and location of withdrawal sites), and the production capacity of the water-withdrawal network. The results indicate that the conversion of surface-water withdrawals to groundwater withdrawals for irrigation has the potential benefit of increases in total water yields for a given level of depletion. The simulated addition of potential future production wells to these scenarios indicates that groundwater withdrawals are preferred in management models designed to maximize withdrawals for a fixed set of depletion criteria because these wells would withdraw water throughout the year instead of only during the low-flow irrigation season (summer and early fall). In the EPRCMM area, total annual withdrawals range from about 400 million gallons per year (Mgal/yr) at allowable depletions that are 25 percent of the minimum monthly one-day streamflow to 1,200 to 2,400 Mgal/yr depending on the number of active withdrawal sites, maximum sustainable withdrawal capacities, and allowable streamflow depletions. Similarly, in the LWRCMM area, total annual withdrawals range from about 500 Mgal/yr at allowable depletions that are 25 percent of the minimum monthly one-day streamflow to 1,200 to 3,500 Mgal/yr depending on the number of active withdrawal sites, maximum sustainable withdrawal capacities, and allowable streamflow depletions.
Water-resource managers rely on tools such as HSPF and MODFLOW to address water-resources issues by simulating alternative management strategies. The choice of model, or even the need for a model, however, largely depends on the questions posed. Each model has strengths and weaknesses related to the differing hydrologic processes the models are intended to simulate and the spatial and temporal scales of the models. Comparison of selected results simulated by these two models demonstrates these limitations and the judgment required to determine the suitability of a particular model for making management decisions.
Introduction
The 303-mi 2 Pawcatuck River Basin is located in southwestern Rhode Island and southeastern Connecticut ( fig. I-1) .
The high-quality water in the basin is important for domestic and public supplies, irrigation, recreation, and the aquatic ecosystem. The U.S. Environmental Protection Agency (2005) reports that this area of Rhode Island has a high biodiversity, with 85 percent of the State's globally rare species and 65 percent of the State's rare and unique natural communities. The basin has a large area of irrigated agricultural land (4.82 mi 2 ) (primarily turf farms) and 11 golf courses (0.76 mi 2 ) that typically need irrigation during the dry periods of the summer when streams and groundwater levels are typically at their lowest levels (Natural Resources Conservation Service, 2003). The U.S. Environmental Protection Agency (2005) reports that the Pawcatuck River Basin has the highest concentration of turf farms in the Nation. Water withdrawals in the basin may be affecting aquatic habitat and diversity, water quality, and the value of the rivers as a scenic and recreational resource. Additionally, there are concerns over the effects of water withdrawals on ponds, groundwater levels, and aquatic habitat. The basin was designated as a sole-source aquifer by the U.S. Environmental Protection Agency, 1988 Agency, , 2005 . Thus, management of water resources in the basin to ensure sustainable supplies and adequate water for aquatic habitat is of concern to governmental agencies, environmental organizations, and private citizens. These concerns are intensified by rapid development and population growth in the region and the likelihood of greater demands for clean water in the future.
The U.S. Department of Agriculture, Natural Resources Conservation Service (NRCS) is a Federal agency that works with communities to improve and protect their soil, water, and other natural resources. The NRCS in Rhode Island works closely with the agricultural community to meet water needs and use water effectively for the production of agricultural products while maintaining the aquatic habitat, water quality, and water used for recreation. The Rhode Island Water Resources Board (RIWRB) is the principal State agency concerned with sustainable water supplies. The RIWRB works closely with the Rhode Island Department of Administration's Statewide Planning Program to develop and refine policies affecting water supply, including emergency planning (Rhode Island Water Resources Board, 2002) . In 1999, the Rhode Island General Assembly designated the RIWRB as the sole authority to devise fair and equitable allocation of state water resources and to ensure that long-term considerations of water supply prevail over short-term considerations. Washington Co. The NRCS and RIWRB began a cooperative study with the U.S. Geological Survey (USGS) in 2002 to develop a physically based precipitation-runoff model, groundwater models, and conjunctive-management models for selected areas of the Pawcatuck River Basin. The results of these models will assist the NRCS, RIWRB, State, and local communities in understanding how streamflow, groundwater levels, and pond levels in the basin may be affected by human activities such as withdrawals for water supply and irrigation. The models also will allow simulation of possible future water-management alternatives to evaluate their effects on streamflows, groundwater levels, and pond levels. In addition, data collected during this study will provide information necessary for stream-habitat assessments and for use in watermanagement decisions at all levels.
Purpose and Scope
This report describes the development and application of a precipitation-runoff model based on the Hydrologic Simulation Program-FORTRAN (HSPF) (Bicknell and others, 2000) , groundwater models based on MODFLOW (Harbaugh and others, 2000), and conjunctive-management models for the Pawcatuck River Basin. It also presents climatological, hydrological, and water-use data collected between 2000 and 2004 to support development and calibration of the models. Information on differences related to streamflow depletion between results obtained from HSPF and MODFLOW are also discussed in the report. The report also includes information about the study area, climate, streamflow, hydrogeology, groundwater and pond levels, water use, methods used to obtain the data, and logistic-regression equations developed to predict the likelihood of turf-farm and golf-course irrigation.
The report is organized as follows: Part 1-Water resources of the basin; Part 2-HSPF modeling results; Part 3-MODFLOW modeling results; Part 4-Conjunctivemanagement modeling results; and Part 5-Comparison of results from HSPF and MODFLOW modeling. Appendixes at the back of the report provide supporting information concerning data used in the models, calibration of the models, modeling runs, and other technical aspects of the study. The characteristics and scenarios run for the HSPF, MODFLOW, and conjunctive-management models (Parts 2, 3 and 4 of the report, respectively) are summarized in table I-1. 
